G amete development requires a coordinated soma-germ line interaction that ensures renewal and differentiation of germline and somatic stem cells. The physical contact between the germline and somatic cell populations is crucial because it allows the exchange of diffusible signals among them. The tumor suppressor gene discs large (dlg) encodes a septate junction protein with functions in epithelial cell polarity, asymmetric neuroblast division and formation of neuromuscular junctions. Our recent work reveals a new role of dlg in the Drosophila testis, as mutations in dlg lead to testis defects and cell death. Dlg is required throughout spermatogenesis in the somatic lineage and its localization changes from a uniform distribution along the plasma membrane of somatic cells in the testis apex, to a restricted localization on the distally located somatic cell in growing cysts. The extensive defects in dlg testis underline the importance of the somatic cells in the establishment and maintenance of the male stem cell niche and somatic cell differentiation. Here, we discuss our latest findings on the role of dlg in the Drosophila testis, supporting the view that junction proteins are dynamic structures, which can provide guiding cues to recruit scaffold proteins or other signaling molecules.
G amete development requires a coordinated soma-germ line interaction that ensures renewal and differentiation of germline and somatic stem cells. The physical contact between the germline and somatic cell populations is crucial because it allows the exchange of diffusible signals among them. The tumor suppressor gene discs large (dlg) encodes a septate junction protein with functions in epithelial cell polarity, asymmetric neuroblast division and formation of neuromuscular junctions. Our recent work reveals a new role of dlg in the Drosophila testis, as mutations in dlg lead to testis defects and cell death. Dlg is required throughout spermatogenesis in the somatic lineage and its localization changes from a uniform distribution along the plasma membrane of somatic cells in the testis apex, to a restricted localization on the distally located somatic cell in growing cysts. The extensive defects in dlg testis underline the importance of the somatic cells in the establishment and maintenance of the male stem cell niche and somatic cell differentiation. Here, we discuss our latest findings on the role of dlg in the Drosophila testis, supporting the view that junction proteins are dynamic structures, which can provide guiding cues to recruit scaffold proteins or other signaling molecules.
The discovery of mutations causing neoplasia during Drosophila development 1 followed by the molecular characterization of these genes has shown that cell polarity is critically affected in the tumor discs large in the Drosophila testis [2] [3] [4] [5] [6] [7] [8] [9] Analysis over the last decades revealed that these proteins act as more than just static barriers limiting the diffusion of other components along the cortical cell domains. In particular, they function as dynamic organizing centers, targeting site-specific proteins in discrete domains and provide guiding cues for signaling molecules and insertion of membrane components. 10 Nowadays, several studies place Dlg as a key player in numerous tissues at different time points throughout development, contributing to epithelial polarity establishment, polarized membrane insertion, asymmetric neuroblast division, formation of neuromuscular junctions (NMJ) and planar cell polarity in vertebrates. 4, 7, 9, [11] [12] [13] [14] [15] Interestingly, the four mammalian homologs of the Drosophila dlg are also involved in cell polarity and become downregulated in a series of human cancers. Moreover, a mammalian dlg-1 transgene can substitute a defective dlg gene in Drosophila and rescue the development of dlg mutant animals. 8, 9, 16 Therefore, it is perfectly plausible to envisage that Drosophila functions uncovered in other tissues may be similarly conserved in other species.
Similar to vertebrates, the Drosophila testis consists of germ cells and somatic cells. The somatic cells of the hub form the organizing center at the apex of the testis and recruit germline stem cells (GSCs) (Fig. 1A) , giving rise to the male stem cell niche. Each GSC attached to the EXTRA VIEW EXTRA VIEW niche have clearly shown that the intrinsic signals of the germ cells are important but not sufficient to support stem cell homeostasis. Signals emanating from SSCs and SCCs are also required for testis development. Physical contacts among the cell populations in the Drosophila testis allow the exchange of signals, which promote tissue survival and set the balance between stem cell identity and differentiation. 18 Interestingly, the Dlg protein is present in all somatic cells including the hub, SSCs and SCCs (Fig. 1D-F) and a specific requirement of dlg in these cells is further
We have recently investigated a new role of dlg in the Drosophila testis. 20 In contrast to the overgrowth phenotypes observed in imaginal discs and brain hemispheres, 4, 6, 21 dlg inactivation leads to testis degeneration during early larval development. The dlg testes are extremely small and contain a reduced number of GSCs loosely attached to the hub (Fig. 1C) . 20 In addition, the few spermatogonial cysts, which become formed, fully degenerate during the second and third larval instars.
Recent advances in Drosophila spermatogenesis and the male stem cell hub is surrounded by two somatic stem cells (SSCs). Upon asymmetric stem cell division, each GSC produces a new GSC attached to the hub and a distally located gonialblast, whereas each SSC pair divides to generate two SSCs and two somatic cyst cells (SCCs). [17] [18] [19] The gonialblast divides mitotically four more times to give rise to 16 interconnected spermatogonial cells, forming a cyst surrounded by the two SCCs. 21 Then, the spermatogonial cyst grows markedly in size and differentiates to primary spermatocytes that enter the pre-meiotic phase (Fig. 1A , B and D-F). of germ cell encapsulation through the Egfr pathway, which is the major signaling pathway active at the microenvironment of the spermatogonial cysts. 24, 25 Membrane ruffling, detected in somatic cells upon dlg overexpression, is highly reminiscent of the formation of lammellipodia-like structures formed upon upregulation of Rac1 in SCCs. 26 Rac1 is a downstream component of the Egfr pathway and acts antagonistically to Rho to regulate germ cell encapsulation. As the Dlg protein plays a central role in the organization of epithelial junctions and in signal transduction at sites of cell-cell contact, it is possible to envisage that the C-terminal tail of Egfr interacts with one of the PDZ domains of Dlg. 9 In this way, dlg inactivation would result in a disruption of the Egfr protein complexes, block the Egfr pathway and impair Rac1 function. Based on these data, we hypothesize that Dlg may act on the cytoskeleton of the somatic cells to mediate cell-shape changes leading to either cellular extensions over the spermatogonial and spermatocyte cysts or reinforcing cell-to-cell contact with the growing germ cells.
A second possibility would imply a general role for Dlg in membrane proliferation and expansion of the SCCs. It has already been shown that Dlg regulates membrane proliferation in a subset of NMJ in a dose-dependent fashion. 27 Recent focus on membrane growth during cellularization indicates again that Dlg is an important player in the process of polarized membrane insertion. 11, [28] [29] [30] Up to now, there is no mechanism describing how SCCs in Drosophila testis expand, elongate and envelop germ cell cysts, and how the SCCs direct sperm differentiation and individualization. Membrane proliferation during tissue spreading and cell surface extensions is frequently associated with the formation of membrane ruffles. 31, 32 The finding that dlg overexpression in the distal SCC leads to membrane ruffling indicates that Dlg may mediate membrane growth and membrane extension over the cysts but not necessarily at the expense of the proximal SCC devoid of Dlg. Therefore, there should be a physical limitation in the expansion of the dlgexpressing cell, independent of the amount of synthesized Dlg. Further analyses of components at the junctions between the on the membrane of distal SCCs remains an open question, although it is possible to envisage that phosphorylation of Dlg by the PAR-1 kinase may play a role, as it has been shown in the case of postsynaptic targeting of Dlg in NMJs. 23 Therefore, Dlg may exert different functions in the somatic cells that are required for (1) GSC attachment to the hub and proper asymmetric GSC division, (2) the architecture and early differentiation of the spermatogonial cysts and (3) the expansion and growth of the spermatocyte cysts. Presumably, dlg is required for establishing and maintaining a tight connection between GSCs and SSCs around the hub. The connection between gonialblast and SCC is also maintained during the mitotic divisions. In SSCs and early SCCs, dlg acts critically to establish a normal cyst structure, whereas in further spermatogonial and spermatocyte stages dlg is critical for the survival, growth and expansion of the cyst. Our rescue experiments further suggest that if proper cyst architecture is not established when the two stem cell populations move away from the hub, it cannot be re-established at later stages. Moreover, the restricted Dlg localization in the distal SCC suggests that dlg may be necessary for the polarized growth of spermatocyte cysts and thus act as a critical factor for planar cell polarity. In the second phase, dlg is involved in spermatogonial and spermatocyte cyst growth, viability and differentiation. Further RNA silencing experiments using GAL4-drivers that target dlg in SCCs during late spermatocyte growth, meiosis and post-meiotic stages may further provide insights into dlg requirement during the whole spermatogenesis. Preliminary results indicate that Dlg is similarly produced and localized on the distal SCC in spermatocyte and spermatid cysts of adult testes, suggesting that dlg may be required from the early stages, from the establishment of male stem cell niche and SCC survival, up to the later stages of sperm formation.
An unexpected finding of our analysis deals with the formation of wavy and ruffled plasma membrane in dlg overexpressing cells capping the spermatocyte cysts. One way to interpret this result would be to consider that Dlg regulates the intensity supported by the finding that the mutant phenotype could be reverted by expressing dlg in somatic cells but not in germ cells. 20 Further analysis points out that the mutant GSCs are significantly larger than in wildtype, lower in number and loosely attached to the hub. 20 Preliminary results indicate a defective orientation of the daughter centrosome and absence of mitotic spindle in dividing GSCs, which together with the increased GSC size, allows us to speculate that GSCs may grow but fail to undergo mitosis. Similar phenotypes are observed in mutations affecting the insulin pathway, 22 further stressing the importance of cell communication between germ cells and somatic cells. However, a functional connection between dlg and the insulin pathway remains yet to be experimentally determined. The defects detected in the dlg mutant testis place dlg as a key regulator in the early development of spermatogonial cysts.
During testis differentiation, the Dlg protein displays a dynamic change in its intracellular localization. First, Dlg is uniformly associated with the plasma membrane on all somatic cells in the male stem cell niche and early spermatogonial cysts, and then becomes restricted to the most proximal SCC in late spermatogonial cysts and growing spermatocyte cysts (Fig.  1D-F) . The transition from a uniform to a restricted distribution is achieved between the 8-to 16-cell cyst stages, when one of the two SCCs caps the distal side of the growing cyst. Interestingly, the capping corresponds to the axis of cyst growth and points out the direction of cyst expansion. A restoration of nearly normal testis morphology can be obtained by expressing a dlg transgene in SSCs and early SCCs. In contrast, expression of a dlg transgene in later SCCs can still restore the development of already formed cysts, some of which may reach an advanced post-meiotic stage, but the testis is generally depleted in early cysts. 20 These data indicate that dlg is required for the differentiation of the somatic cell lineage and, therefore, the early differentiation of the germline into spermatogonial cells. Results of RNAi experiments provide also evidence that dlg silencing in late SSCs results in a fragmentation of the cysts in advanced stages. 20 The specific recruitment of Dlg that our findings in Drosophila may be extended to higher organisms.
testes are present in zpg, indicating that Dlg acts primarily on SCCs and Zpg on the germ cells. 20, 35 Moreover, zpg testes display often a considerably enlarged hub. However, a direct comparison of the effect of the two proteins on the hub cannot be made because the null dlg m52 allele produces a truncated non-functional Dlg protein that could still be detected in the hub. 20 Apparently this protein, which contains the PDZ1 and PDZ2 domains, could be recognized by a monoclonal antibody against the PDZ2 domain (data not shown). 20 This observation raises the possibility that the truncated Dlg protein may maintain some of its binding properties, which prevents the hub structure from falling apart. Further studies will be performed to determine the requirement of dlg in hub formation and structure.
Our results, complementary to current researches conducted in this field, point out the importance of the somatic cell contribution in the organization of the Drosophila testis and the differentiation of the male germline. In mammals, spermatogenesis depends also on interactions between somatic Sertoli cells and germ cells. Sertoli cells act as supportive somatic cells and contain junction proteins with a high degree of similarity to Dlg. These proteins play a critical role in mammalian spermatogenesis. 38, 39 Furthermore, the identification of mammalian genes with known function in Drosophila spermatogenesis and the evolutionary conservation among the Dlg proteins suggests that the pathways regulating the balance between stem cell renewal and differentiation might be similarly conserved. Interestingly, recent observations in mammals indicate that Dlg homologs play a role in the formation of mouse gonads and interact with gap junction proteins. 13, 40 In addition, Dlg is required for smooth muscle orientation in the mouse ureter 13 and interacts with the gap protein Connexin 32, 41 whereas ZO-1, a MAGUK protein bearing similarity to Dlg and associated with tight junctions in mammalian Sertoli cells, 39 binds also to gap junction proteins, among them connexin 43, which is the predominant gap junction protein in the testis. 38, 39, 42 All these observations point out to functional similarities between Drosophila and vertebrate Dlg and provide strong indications distal and proximal SCCs or components exhibiting a complementary distribution to Dlg may provide ways to identify further regulators of testis morphogenesis.
If Dlg defines sites of membrane addition it may provide a link between membrane trafficking and insertion of polarized membrane components. In NMJs, the postsynaptic distribution of the t-SNARE protein Gtaxin depends on its direct interaction to the Dlg GUK domain, 12 whereas in early embryogenesis Dlg genetically interacts with Exo84. 33 Moreover, the Dlg-Strabismus complex recruits membrane associated proteins and lipids from internal membranes to sites of new plasma membrane formation. 11 The occurrence of similar proteins in testis was reported in humans where the SNARE-associated component Snapin binds Pumilio2 and Nanos1 proteins in the male germ cells. 34 It would be interesting to know whether Dlg plays a similar role in Drosophila testis, in guiding t-SNARE proteins and components of the exocyst complex into intracellular membranes, either directly or indirectly by regulating the distribution of their direct binding partners. Although Dlg may bind to different proteins in epithelial cells, neuroblasts and NMJ according to the protein availability in these tissues, the function of the Dlg protein may be still conserved in a broader sense. Through its PDZ domains Dlg may bind to numerous transmembrane proteins and receptors, and may link them to the cytoskeleton or signaling pathways. The knowledge gained on the role of Dlg in these systems will allow us to study how Dlg mediates membrane proliferation in the early germ cells in male gonads.
Recent work has showed that Zero population growth (Zpg), the Drosophila gap junction Innexin 4, is localized to the spermatogonia surface, primarily on the sides adjacent to SCCs 35 and is required for the survival and differentiation of early germ cells in both sexes. [35] [36] [37] In zpg testes, the spermatogonia are unable to differentiate and are progressively lost, leading to the formation of tiny testes containing a small number of GSCs and germline clusters devoid of branching fusome, 35 resembling the dlg phenotype. In contrast, the SCCs that die through apoptosis in dlg
